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a* object of tais thesis 1* to inwestl^at* ta* roforted 
•xlittsei of ahaeraal «U«tio effects la *et*l intarfeees. 

It gswaral two separate eot.-jods of iwrestigsftioa were 
conceived sad used. the first etr'loyed cylindrical *^»ci**n« 
with truao*t*d conical «nd# pieced V»tw*«a flat surfaces. fb* 
second, d«vi»»4 to elistaate may possible «x**tieity coaiributed 
tr the flat surface* beyond the are* ef contact, employed two 
Identical nril»r speelMM* placed e*d on end* 

There woe good correlation. between the two eetboda aim® 
both produced excessive elastic eagle* of twiat. further, 
ta* following oausu. 1 re salts were observed. At t m ek»*** 1 
strut* *«» increased la the interface, tha mount of excess 
twist fer * elm torque Increased with the degree of surface 
flats* catll » transition range was reached after which ex- 
ease Wist increased with the roughness of to® surface. 

•It is concluded that these ef foots are caused ty the 
asperitloe acting as cantilevers. this offers aa explanation 
for the offset of aovwal street and surface finish ®a the 
elastic angles ef twist that is la agre sweat with the exoar- 
lxentol data. 

la view ef tha shews, it is reoo*»*hd«d that further 
studies he aade using aetals of different shysical ebaree- 
teri sties. 



Thesis Supervisor; Brandon Q, M^htaire 
title; Associate frofetser of 

'eehaeical ^Rglaeerin* 



zszm. 

- VY/i" 






. > 4 < « t » L . 4 . * ' , « • # • 



i 



. ' . 




‘ 



(I# 



Jh • * ' • *. i.i* i.» 

*•* = - • - * • ♦ . * 




♦- ^#wl 1* <«iu« »fr>*** - 

**— - - « C *»-* f «*»•*»' i *► • f*\ 



w> . ■> t'tfM ► «-* » H £>••- •! "* » • ■ • • • 

. ... •>< •* ■*• >*- . • <•:• vUil 

•..** » •» rn~i HM '••• 

•it# ti • • - . 

- o--* •■ .* .?•••**..* * v . . &• ••./•-:• <• 

. • .* 4 • - • • • .»i - •?. V #-* « ’> • t 

--r • ... -M #C - . * >- «Jt »* 4--SI *•**# •- >•• • ;#• ! 

,. i 

. - ■> 4 •*> 






• +%*m 

T* ( • 



to 




Kaseacwteett* institute of Teesnoloty 
Csuabrie^a .19, Xaeeechueetts 
Soy 34, 1854 



Professor 1. F. ..oallton 
Secretary of the faculty 
.'j&esachusatts Institute of feeJsnolory 
Cenhridee 39, Hascachasettr, 

. : >e*.r i'irt 



In accordance with the regulations of the faculty, we 
Ksatalt herewith « thesis entitled leetlc Bohnrior of f’etol 
Int erf aces in partial folfillnent of the re<juire»ents for 
the decree of Karol £»glnter. 



Eespectfally, 



Arthur J* Coyle 
lieutenant, U, S. £*ry 



Z&rmv. A. troeVerg, Jr. 
lieutenant (j.g. ), U. 2* .taey 



r » *». * , t 

-•! »o r 

' • - * . t *" 

t* * n- 

Jk •©■ • ■■■«• -■ -vifiMr * •tfN- * 1 ■ 

t*gEA Vj ilirt’tl ■ 2l • . ft 

• **l (• «*•> • T* J - 1 i*l X»*f*%* ftj 

>taMiv< im rr • 



. *. 



Jt 



<.»» ^ ^ ’*5 4* ~k •*" * * 

• *** | ( ? ) « > ! * X '*•**' 1 ^ - 






The author* vish to express fcaotr gratitude to the 
personnel of thn Lubrication r^eborator/ for their interest 
aad holp. farticularly to Professor h. 0. Ji&ataire for 
his encoura^sser.t, advice, and boundless pstisnoo; and to 
Professor 1. h. j'eatf, doctor .S. fUtoinowier, Wr. Jassos 
wartwout, and Mr. Jacques lonr.evillo, for thsir kind 



assistance 



taux.* eg co-mim 



I. XK?*OS*JCTICI 1 

u. pzoamm 3 

in. xuaun 7 

1 ?. rxscp*$x ok (3f 37 

T. OexCLfKXOMS A«g» |UCG*e« KHJMP. JC35 32 

fl. AFMXDXX 33 

A. Dolail* of f'roeedurtt 34 

S. .-usKMiry of Tuktst mad Calculations ...... 41 

C. £ui>pl*rn«nt<»Jry Hi ecu* e ion .......... 60 

2. Crigianl 67 

8. Dofinitlor* of Syafcol* 73 

f. 3i fel io^-ro^iy *30 



I 



.1 



♦ 



..I 



■ 






. r .1 i 



* » % r 

«•«».« « . . 1 * 1 ♦ * 



i . , •T» • * ' • * 

I •*.,♦*'** # V* v »- 

• •». t > . +* ■ . ■+ • — • < , 



T # . . . . « . ... u l>4ib- 

. ▼ »i JU. '» ^/'IT 









I*»Tm«CTlglil 



Altaaogft such infer%aiioi& is nrailabln con corning toe elastic 
behavior of bolk petals, cuttu. os tns •buttle behavior of antal 
interface# is outstanding by its absence. 

Is a pnper * \ i'oeliaton, Thorpe, end Cough reported ob- 
serving dsfleGtion between two aetel ring* when subjected to e 
known torque for is excess of that predicted fey theory end the 
excess wet* greeter than could be accounted for by earner iaentel 
error. Since this phenomenon va* not directly connected with the 
objective of their work it vex not Investigated further. An element 
of uncertainty wee associated with this report since the deflection 
wee eeosured by neons ef the sen* erw with which the torque woe 
applied. It wee possible that the excessive deflection reported 
could have been caused by bending of the torque an. Nonetheless, 
the report of this phenoaenon we* sufficiently enticing to invite 
further investigation. 

( 2 ) 

levdps end tabor ' show that the actual area of contact 

,-e: 

between two surfaces is different fro* the apparent, this difference 
ie caused by the asperities to be found on ell surfaces. 

Nerriau and gelt hove shown that very snail »«t«0L specie 
aene (i.e., natal wbixkere} eon tolerate each larger strains with- 
out slip than the bulk »etal. 

Inasmuch as the volusra of an asperity Is snell, it is considered 
possible that, like the aotel whiskers, its elastic Halt is high. A 
study of the literature did not reveal any investigation of this 
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possibility otner tea* the report by Teal in* on, Thorpe, end 
Gough centionod in the second paragraph. To ue this eeeaod to 
present * challenge that vae interesting, provocative, and 
•tlmlatlag. 



3ince two experlaental erresgeeoote wen; used la tnl* work, 
it would be boot to present these schemes aeparatel y* 

the first sahoae copleyed la Illustrated by Figure XXX la 
which the solid stesl specimens tooted wore wtehiaod froa SA'S 
l(XSf) cold rolled stsel stock. The ends of nost of the speci- 
men* wore beveled to fora truncated acres whleh reduced the 
contact surfaces cad thereby Increased the rorsal stress In the 
Interfaces. the contact surfaces were lapped to the desired 
finite with oasaty polishing paper of varying Aaerees of rough- 
ness. the sreciasR* ware f iraly held in a wee-type block during 
the lapping process to m&k© the test surfaces perpendicular to 
the specimen axis, the quality of the surface finish was checked 
eicrosooploally using a Ratification of lG5x. 

"hen the desired finish was obtained, the average disaster, 
d, ts.r/ bowel height, J 2 , (Figure XX) were Measured by a micro- 
scope sdui'.'pud with an optic vernier ^emitting accuracy to with- 
in .00007 of an inch, "'h* ends of the specimens were made identical 
with respect to dlaensioae and surface finish. 

the next step wet to locate the torque lever exactly at the 
aidpoiat of the specimen to insure that one half the applied 
torque would act ®a each interface, this was accomplished by 
eensuriat the overall length and using a depth gage la positioning 
the lover which permitted accuracy to the nearest .CC1 Inch. 

the indicator era was than fust sued on the specimen with four 
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sot ocravs so t Iai the plans of the sat screws and henno, tbi» 
indicator, was parpasatlcular to the syaeinaa aaci • . « set 

screws used ware pointed to obtain a knifo edge line fro* which 
the twist vat transmitted. '‘ho screw* vara Also huraly tightened 
fey hand to rsduo* the indentations to sare pin points, 

ith the positioning collax resting ns the torque lev#r, the 
contact surfaces of the apaclmr. and irsrd.onrl plates ware claimed 
with solvent. Vfce apeoineo was then placed oa the lower plate in 
the Kiehlo testing awchino. the upper pl«te* which was hoi tad to 
the nevafela head of the lectin.?. .r.«cnina, vaa then levered to a 
point- slightly afeova tho spreine*. tha vertical vim then chocksd 
fey insertiaifi a feeler gaga betvaan the positioning collar end tha 
upper plate. An eri&l load of one hundred pounds vna than applied 
to anchor the sveciwen during the final &d,1t*a taenia to the a paratua. 

finally th* frlcUonlasa pulleys wore located ** that tha 
•ilk threads • which traasalt force to the torque lever, vara 
perpenalaular to tha lever in the vertical find horizontal places. 

for each ran on * speeiaen a constant n^rml load was applied 
ty the testing machine. Tcr^nt was next applied to tha specimen 
by nddlag equal weights to tha pan* »od the resulting twist rand. 
After each reading of twist, the torque was removed to see if th# 
indicator returaod to the sero position. Increasing to reuse war# 
applied until the indicator foiled to return to *«ro whioa shewed 
that slip or jseraRfisat deformation occurred in tha interface ending 

. 'vho asml load wns increased before each of the rucooedi -g 
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run* on the *«•»© specimen until sufficient data was obtained. 

Twist we* read by as* curing the aatloa of the indicator 
ar® under a eioroseope equipped vith an optic vernier. ?ne 
indicator vm double-ended to ovoid any possibility of an un- 
balancing Reason t. the first indicator arm need va* seven inches 
long and the magnification of the microscope vise each that one 
scale unit of the optic vernier represented .001 inch of indicator 
ssoveaimt# 

After completion of all run* on a specimen, the apparatus 

- / 

was dismantled and the dissension / was »«agurad vith the nicro- 
ecopa which permitted accuracy to within .00007 ©f an inch 

A number of specimens were tested using this scheme; How- 
ever. an uncertainty existed as to How much twist, if any, could 
be attributed to the hardened steel plate. Consequently scheae 
two wee devised to eliminate this unknown factor. 

the second scheme employed is illustrated in Figure XXI, 
in which _t he tubular steel t reel sens tested were aachlnsd fro a 
IAS 1030 cold rolled stock. ?he specimens had an outer disaster 
of 1/4 inch, an inner disaster of 3/33 inch, and a length of one 
inch. Two speciaens with the sane surface finish were counted 
end on, and a rod with a diameter slightly less than the inner 
dieneter of the annuli was threaded through the apparatus as 
shown in Figure XXI. the upper end of the red vat threaded into 
a circular disc which rested e* top of the upper specimen, the 
lower ead extended for soae distance below the speeimscie and 
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prrsrlded a aeons for at inching weigsta to furnish th« no rail 
load. 

Two 7-1/2* double-ended indicator *m were used, on on 
tlth»r side of the interface. As before they worn attached by 
pointed set screws and the distance between then wonsured micro- 
scopically after each rea. The ends of the arac were bsafc as 
shown to facilitate ccadiag the ai erase ope. Reflect leas were 
attained ay reading: the angla tot ween the arse when no torque 
was spoiled and then reading the angle after the torque had 
teen applied. A staple subtraction gave the deflection. As 
before, a check was «ade after each application of a torque to 
see that the eras returned to their initial setting. 

Torques were applied In the ease maaer at in the first 
netted. 

An additional advantage attained ty use of this is* t hod was 
that it permitted the use ef a control specimen. This consisted 
of uslqg « single two inch specimen while holding all other 
conditions the saae as they were for the runs Involving two on* 
inch specimens. The effect of the interface could thus he de- 
termined ty osstjMsring the runs on the control specimen with the 
runs on the other s ecisecs. 

?te obs rvod deflection was compared with the computed de- 
flection ns predicted ty elastic theory. In all cases the ob- 
served was greater than the c Disputed. This ovoess observed do- 
fleotiea which we shall hereafter refer to ns residual deflection 
was plotted against the computed BAxlsraa tangential stress in the 
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"sese test* vtrr., oc a qmlit^tlv® outl*, aurprieicgly 
coaaiafcant. injure a i to X anew that fa all epaeiaena where 
nor» than on* tan vac sado, tne raaidu&l Witt for a £iY<ra 
aaxiauia kan^aatial strata decr*ft«ed at tha scrawl etraaa in- 
creased. hit la for tear Bubatautiatad 1'iguras XV and XVI. 
7ic!*r* XV #hov# she retail* for two apaoiaotta with the aauao 
surface finish (1,0/, civ* apeciiaan Wiu# bevalad at to® end* nad 
the ether eehevalad. iigare XTI ©oeparee tour tpooiaon* havinc 
a </0 finish. foot# figure e enow th« suso offset of uoraal etraaa. 

Figure* XVII bhdXJIIXih shew too affect when surface f lotah 
It varied wailo nc?M«l atreae i» a&iiitained constant, Figure 
a Vi I coeparwa three different flaiahaa at approximately the 
an*# Jiomt^, str&ea (70*000 pat). It it toon that* for a given 
value of scagiausi tangential atrssa, the residual fcvlst vttrioa 

■T 

with the roughness (!.«., the rougher the aurffece, the greater 
the real dual tvlet/. Figure a’/IIX-X, which coapurea two apaeisena 
with turf tea fiaiehaa of 4/0 had 1.0 At * low noraal a treat, 

( Approximately 24,600 pal), auow* that tfc# re* idual twiat in- 
cranaaa with the surface esootitaaes. 

If the Alert recalls era valid, there should to ao»« value 
of ao r^el strata at which in* residual twiat for a given aaximuat 
tangential stress for hath 4/0 and 1.0 finish are the eiuse. This 
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is tom out Oy coaparitw* tbs curve in figure XT for speciaen 
# 10, surface finish 1,0, 'ant 4, noraol firsts 48,800 psi with 
curves in figure Xfl for epeclaeu #8, surff.cs finish 4/0, runs 
1 and 2 with coras 1 b trass as:' of 44,000 and 53,100 psl respec- 
This cottrarison shows that there is a transition rin^a 
for jioraal strsss in which the effect of surface finish on 
residual twist reverses ( l.e. , eaooth finishes givs aor* tvist 
than the rough finish** below this range and loss Wist a tore it), 
la evaluating our results sows information upon the accuracy 
of the readings it in order. One seals unit of the optic vernier 
in the uieroscope eyepiece represents 0.490 »inute# of twist for 
the first six specie*!!* and 0.457 ainutes for the succeeding 
•peeineus. The reason for the difference is that a 7-1 /a inch 
indicator am was substituted for the original 7.0 inch indicator, 
loadings were estiaatod to the nearest tenth of a seel# unit. 

This allowed an accuracy of plus or nlnus one tenth scale unit 
or 0.0490 and 0.048 alnutcs of twist respectively. 

■it 

*IWjfc£.rJU« 

Coarparin^ figures XII through XIV, it is noted that the 
results for these runs were not ae consistent a# those in Fart l* 
Figure XI 1 does not shev the residual twist decreasing with in- 
creasing uora&l stress as was observed in Fart 1. figures XI 11 
and XIV show this trend only slightly. 

Figure XVIII which coapares the effect* of surface finish for 
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a noraal *tr ess of Jl,83Q p*l shows taat the 4/0 finish gives 
»or« residual twist than toe 1*0 finish for «uy given mxistvm 
tangential stress. This is in accord with the results in Pert 1, 
as shown in figure XT1II-A. 

As in Part 1* a brief explanation of the accuracy of the 
reeding* will be helpful in evaluating these result*. 

In this series of tests, a* noted in the Procedure, two 
Indicator eras vsre used, for one are the accuracy of reading 
was plus or sinus one tenth scale unit, for two urns, therefore, 
ear accuracy was decreased to plus or ulcus two tenths of a 
seals unit, this «*.aa» our readings of twist ore accurate to 
©ttl y plus or sinus 0.092 slant** of twist, thus, ia figure* 

X2I through XIV the accuracy of the coaparisoa is the *u» of the 
accuracy ef each curve or is other words the cowpnriscm can be 
accurate to only plus or sinus 0.184 MUftl ws of residual twist. 

This possible range ef error is each grantor than any ef the 
observed differences shown ia the curves, hence it is felt that 
this date cannot validly be used to determine the effect of 
no real stress on residual twist. Hindsight is admittedly better 
than foresight. It would have been better to have used a auch 
wider range ef noraal loads. However, our apparatus would not 
psrait this and tin* llelt&tlens prevented essesbllng new apparatus. 
Another solution would be the use of a acre powerful aicroseop* 
with a finer eptie vernier scale. 

figure mil Is not rendered invalid by the above Halts on 
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the accuracy of the readings sicca for th« larger v»3 u«» of 
m*xl*ua tangential atross th* difference la ro si dual twist dua 
to eurfaoa finish la greater than 0.184 minute* of residual 
twist and hence, theeo re » alt a are valid for qualitative analysis. 

£mQL 

fhe results of thl« work clearly a flow that natal interfaces 
do sxhlblt elastic bamvior. "he following explanation is of farad. 

It la wall known that all ratal surfaces regardlast of the 
dagre « of surface finish are covered with aaall Irregularities 
called asperities. Those will vary with the dsgree of surface 
finish from Jagged peaks to rolling downs. It la ball aval that 
these asperities act as cantilevers. 

The calculations in Appendix 0 ahov that if the asperities 
are assumed to net «* bulk acetal, then to account for the real dual 
tvlat would require an asperity height which la much too largo. 
Sowsver, It the asperities are assumed. to be cantilevers, an 
asperity height can he calculated that le of the ease order of 
aagsitude ae that eeasured by a prof iloswter. 

farther, the cantilever theory off era an explanation for the 
transit ion rang* mentioned earlier in Fart 1. 

Bowden Msd tabor ^ state that the “real contact area* le 
directly proportional to the normal load and it independent of 
surface finish. It is known that the nuabar of asperities will 
increase and the height will decrease with too degree of surface 
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finish* Xosref ore, for any no real load, a saoother surface finish 
will hare aora asperities in contact, bu t the asperity height 
will be lass than that for tbs rougher surface. 

?h» height of asperity also depends upon the noraal lead 
tinoe the tips of the asperities will flow plastically to 
aseoaodata this load* there is a Unit to this plastic flow la 
tha asperities, apparently, for Bowden end fab or show 

3 jheto^mphic»lly (Plats 11) that eras whan the no nasi load Is 
great enough to cause the bulk natal to flow plastically, the 
asperities retain their identity, 

thus, the twist for a glass a&xlnaa tenets ti el stress Is 
dependant oa the nuaber of aspsrltios and tha noraal lead, since 
this load affects the asperity height, for low norasal stresses, 
apparently tha nuaber of cantilever* offsets tha effect of the 
shorter height in sneoth surfaces as shown Is figures 17111 and 
XTIII-A, As the noraal stress is increased and the Halt of 
plastic flow "is re- shed la the asperities, the height differential 
beeoaes the controlling factor effecting twist so that the asperities 
on the saoether surface display less twist than those on rougher 



surfaces. 
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CONCLUSIONS AW) RSCOMM:if7imOXS 



A. It is concluded that: 

1. The asperities in steel interfaces contribute materially 
to the elastic tvist. 

2. The elastic tvist due to an interfaoe, for a given 
value of maximum tangential stress, decreases with 
incraosing A stress. 

3. The effect of surface finish is nost interestingly 
affected by normal stress in that a transition range 
exists for normal stress. Below this range the smoother 
finish gives the greater elastic twist, whereas above 
this range, the rougher finish gives the greater tvist. 

4. All the above effects are explained if the asperities 
are considered to bdhave as cantilevers. 

8. It Is* recommended that: 

1. Further investigations be made of the transition range 
for degrees of surface finish other than 1.0 and 4/0. 

2. Annular specimens be tested over a greater range of 
normal stresses. 

3. Metals of different physical characteristics be studied. 
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As in the testiest o« i'rocsd'ire, the {liecurn-ion will be 
separated into two parts eorraspending to the two experiaentol 
eetfcod* used. 

la the first, practical considerations , raven ted location 
ef the indicator am exactly »t the interface. Consequently 
the seaeured twist consisted of two parts? 1, that contributor 
by the isterfocej #, that contributor by twist of the epecinea 
between the interface end tb* itng 1* Indicator. 

Sloe# tiso indicator woe attached to the *f.«ciecn by 

pointed sot screws, the distersa© between. it wad the interface 
could be determined with a hi^h degree of accuracy. Bcwewer, 
to determine the twist of the s^oelxen retpiirad deriving en 
expression for coaputtn# the twist in that part of the spec Ison 
that we* bevelled, the derivation is £iv*n below. 

“ef er Jto figure XX* Cec*Sd#r a plane perpendlealcr to the 
axis of e?«ciaoa intersecting the epeeiwen at a distance *x® 
frees the interface, the sheer stress existing in this inter- 
section is glvsa ay <4) 

ihear stress » flr *» <T (1) 

<*X 

A 

C * ttodalus of elasticity in shear (for oar tpeciaen tt*l3x 10 
pounds per s$»»r» inch). «* eagle of twist per unit length. 

Considering on eleeent ef area, dA 
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( 2 ) 



The aoaent of the shearing force about the aria of the specimen 
for this element of area 1* <Jr&* 

The total oonent about the axle of the speclaen aust equal 
the effective torque In the specimen. Ac explained In the 
Procedure, the effective torque equals one half the applied 
torque, therefore. 
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Saftititutiag squatlaat (1) and ( 2 ) Into equation (3) 



) 4 1Tq -#• r 3 dr 

-7J 



dx 



(4) 



In any given plane perpendicular to the axle of the spee- 
ds* 

iasajlc Independent of r. Therefore equation (4) can be Integrated, 
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A cue 



Rearranging give* 



d 0 



** 41 



/r Or 4 

It is evident in Pleura IX that r la related to x by 



(5) 



( 6 ) 



r» r f + ~-j x * r Q 4 kx (7) 

r Q >» radius at x ** 0 (l.s., r Q «* d/3). 

3 *» radius at x *» # (l.e, , & «* 3/2), 

Substituting equation (7) Into equation (6) 
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(C) 



liquation (B) oan bo integrated for tne angle of twist over 
ttt* length ft . 
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this can be siupllfiad by substituting 

R - r o 

* •» — g 

r Q * d/3 
H *• D/2 

Performing this substitution gives 
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( 10 ) 



this can be expressed noro conveniently for our purposes by nnking 
the following substitutions 



■it 

% « twist in oinutas * 

<t A » applied torwe in gras-inches •» T _ 

0 » 13 x 10 6 lb/in 2 



This gives 

% 



or 






■ I#a ^ aai » * « fSS* Sk U/k) fd/d)’^ (1/D) 3 j 
5.360 x 10~ 7 (l/k) £ (l/{/) 3 - (l/D) 3 J Q a 
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The twist in tha epaciass between x « t and x-JL (i,e. f 
batvson tha upper and of the bevel and the Indicator nno) can he 
easily calculated ^*K 
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(la) 



This can be expressed in the anise convenient fora ns oquation (11) 
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206 X 10" 6 vh 

D 4 A 



(13) 



Thus the total twist In the speoiswm between the Interface 
and the Indicator aru Is 

-% +■%' CMin. of Arc) (14) 



The total twist as computed above is subtracted from the ob- 
served twist to obtain what we have called 41 re si dual twist" 
and designated H' * 

H’n U8) 

,Jfc 

With the annular specimens. It was possible to uso a control 

~-e 

specimen as described In the procedure. This peraittod us to obtain 
a valuo for twist per grws iach of torque per inch of spsclaen 
length under actual experimental conditions. Tor subsequent runs 
it was possible to ccopars the observed twist with what the twist 
would have boon if there had been no Interface. As be fora the 



difference was called "residual twist". 
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In the Discussion of Results it was suggested tout the 
residual deflection could he accounted for by as eon ini the 
asperities to act as cantilevers. The following calculations 
support this theory. 

First, neglecting the cantilever effect and assuming the 
asperities behave as bulk natal leads to a calculated asperity 
height that is much too large. For example, consider a 
specimen of the type used in the first part of the work. 

Squat ion (8) in Bowden end Tab or gives 



A 




r P« 

A *- real area of contact 

T 

F„ * load normal to surface 
p » sean pressure over area of contact. 

a i 



( 1 ) 



Moreover, the tips of the asperities will deform plastically 

when 



P a * 



cT 



c b a constant that depends upon size and shape of 
asperities. For the surface finishes of our specinens, c * 3. 

Y rr elastic limit of deformed metal at tip of asperities. 
Here we will assume the elastic limit equals the proportional 
limit. Therefore, T — 60,000 psi for our specimens. 

Substituting *■ 3(60,000) * 180,000 psi in equation (l) 
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From strength of natorlals, we nay® 

K 

X « (4) 

S Jt 

A « apparent area of contact (i.e., area of bvilk metal 
at turf ace) 

>= normal stress. 

From equations (3) and (4) 
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X 



180,000 



(5} 



Assume the total contact area, A , to be a circle of diameter 
d. This assumption results In the minimum calculated asperity 
height*. 



* Consider, instead, that the contact area ia an annulus with 
outside diameter, d 0 , and Inside diameter, dj , and an area 
equal to the real area of contact 




It is easily demonstrated fron the formulae for twist in a 
shaft that if equal torques are to cause equal angles of 

twist. 



k. 

h. 



(d > 2 • d l 2) 
<C + d i 2 > 



h^h A 



where h is tho ueight of a solid cylinder and h A is the 
height of the corresponding annulus* 
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180,000 



( 6 ) 



d * disaster of the specimen at the surface. 

The area vlll increase froa A y to A in going fron the tips 
of the asperities to the hulk natal at their roots. In the 
section on Procedure, an equation was derived for the twist in 
a cone. Applying this gives 



4 - C ^) 3 - <- s -> 3 ] Si <*> 

r 

tyc m the observed residual twist in ninutes. It is 
divided by two since there are two surfaces in contact at an 
interface and we are considering the effect for one surface. 



d- d r 

k 1 ^ where h is asperity height. 

Q. "*■ the applied torque in gran inches. 

-ifc 

Substitute for k' in equation (7) 
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Solving equation (8) for h 
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From equation (6) substitute 




180,000 



h 



Sil 



21,44 X 10' 
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( 10 ) 



Based on test data, the following asperity heights vers 
computed using equation (10), to illustrate the orders of 
magnitude obtained when considering the asperities to behave 
as bulk metal. 

Specimen 9, Bun 2. 

d » 0.0949“, Sj es 63,700 psi, * 630 gram inches 
^ * 0.948 ninutes, surface finish: 4/0 

h =■ 6.12 x 10i” 3 inches. 

Specimen 1. 

3c 

d * 0.125", S K = 24,500 psi, * 625.86, ^ * 1.229 

minutes, surf race finish: 4/0 

h * 7.50 x 10“ 3 inchss 

Specimen 8, Sun 1. 

d * 0.0958, S fi « 69,000 psi, <i A 330 gram inches 
* 0.511 minutes, surface finish: 1.0 

h » 7.20 x 10 inches. 

For purposss of comparison asperity heights were measured 
with a profiloaeter. For a 4/0 finish, before applying any normal 
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load, 

•5 

h *» 6.0 x 10 Inches 

••hen a normal stress of 21,830 pci was applied 
h =■ 4.5 x 10“ 5 inches. 



tfhen tha asperities are considered to act as cantilevers, 
the calculated height is found to he touch closer to the nea- 
sured. For the purposes of simplification consider an annular 
specimen such as vas used in the second part of investigation. 
Starting with equation (3) above, 

h 

j* jat "w— ■ ■■■■■ 

r 180,000 



The number of asperities In contact can b# found by 



B 




( 11 ) 



9 * number of asperities in contact 

at 

* cross ssctlon area of average asperity. 



Consider the average asperity to be at the mean diameter 

St 

of the annulus. The torque action on thie asperity is ~ ^ — 
and the force deflecting the asperity is 




( 12 ) 



d ** seen dl&aeter of the annulus. 

The maxlnum deflection of a cantilever due to a load at 



its free end is 
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S * maximum deflection of cantilever in inches, 
p » load at fra* and in pound* 

1 *■ Moment of in*rtia of cross section about neutral axis. 

9 » length of cantilever in inches 

£ *? modulus of elasticity in pounds per square inch**. 
Boarranging equation (13) 



9 7 ^ 3_L1<T ( 14 ) 

P 

In this case the cantilever length, ^ , is equal to the 
asperity height, h, in inches. The deflection, £ , is also 
equal to one-half the residual twist, radians) 

times the mean radius, 4V . One-half the residual twist 
was taken since there are two surfaces in contact that contri- 
buted to.*this displacement of 



s 



y? (radians) 




(inches) 



(IS) 



Assuming that the asperities are of square cross section 
with an area of 25 x 10*® cm 2 and substituting equations 
(3), (11), (12), and (IS) into (14), gives 



j 3 



* 2.6V x 10 
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Yk y x 

s/% 



<v (inches) 3 (16) 



Where, d.^ » 0.211 Inches for the specimens tested. 
Taking data for Specimen # 14, Bun 3, as an example. 
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Fjj «= 310# ^ =■ 0.533 minutes 

^ * 900 qa-incfaea, surfacs finish = 4/0 

Substituting the above data into equation (16) gives the 
following estimate of asperity height. 

-4 

h = 6.03 x 10 inches. 

In contrast, the asperity height as measured hy profilometer 

e *t 

and as calculated by equation (10) are 4.5 x 10 and 7.5 x 10“ 
inches respectively. 

As an additional point of interest, the maximum handing 
strass can be calculated using the data for specimen 14, £un 3, 
above. 

crt - r 2 - - -“f- <»> 

(jr~ = maximum bending stress in a cantilever due to 
load p. 

•4 

c *? maximum distance from neutral axis = 2.5 x 10 ca 
for the assumed asperity. 

Other quantities, as defined in equation (13). 

Substituting equations (3), (11), and (12) into equation (17) 

and solving, 

err * 1.97 x io 6 p$i. 

This is farther support to the theory that asperities can 
withstand much larger stress than the bulk net; 1 and still re- 
tain elastic oroperties. 
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n; ymiTios of symbols 



Area (square inches). 

lamoter of solid specimens at interface (inches). 
Maxinun diameter of solid speoimens (inches). 

Inner diameter of annular specimens (Inches). 

Outer diameter of annular specimens (inches)* 

Young's modulus of elasticity (pounds per square inch). 
Conversion factor to convert angle of twist In scale 
units, , to minutes, Y> • 

^orcs normal to interface (pounds). 

.odulus of rigidity (pounds per square inch). 




length along solid specimens from r-r Q to r =• R (inches). 
Length along annular specimens between Indicator arms, 

at 

(Inches). 

a 

length olong solid specimens between base of bevel and 
indicator ana. 

Applied torque (gram inches). 

Radius (inches). 

Badlus of solid specimens at interface (inches). 

Maximum radius of solid specimens (inches). 

Normal stress at interface due to equals 

divided by the area of the interface, (psi). 

Maximum tangential stress in interface due to applied 
torque, (psi). 
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? Torque applied to specl.'sea (pound inches). 

? 

? s Effective torcue at interface (pound inches) » ^ 

<5~ Shear stress (pal). 

Angle of twist (radian*) par anit length (inches), 
ax 

Total theoretical angle of twist in length .(radian*)* 

Total theoretical angle of twist la length J?‘ (radian*)* 
Calculated corresponding angle of twist in .slnutee for 
annular specimen* if there had boon no interface ’between arms. 
(^> Total theoretical angle of twist in length ^ (minutes). 

L|^/ Total theoretical angle of twist in length ^ (minutes). 

^ Observed angle of twist (minutes). 

residual angle of twist or residual twist (minutes). 

l//j> Observed angle of twist In scale units of the optic 

vernier. 

V^ - Total theoretical angle of twist in length ^ c -4. (minutes). 
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